Dilation and thermopower measurements on YbAgGe, a heavy-fermion antiferromagnet, clarify and refine the magnetic field-temperature (H-T ) phase diagram and reveal a field-induced phase with T -linear resistivity. On the low-H side of this phase we find evidence for a first-order transition and suggest that YbAgGe at 4.5 T may be close to a quantum critical end point. On the high-H side our results are consistent with a second-order transition suppressed to a quantum critical point near 7.2 T. We discuss these results in light of global phase diagrams proposed for Kondo lattice systems.
1
When a classical second-order phase transition is suppressed to zero temperature T by a tuning parameter (such as pressure, doping, or magnetic field H), a quantum critical point (QCP) can occur 1 ; suppression of a first-order phase transition can lead to a quantum critical end point (QCEP) 2 . In the vicinity of a QCP or QCEP quantum fluctuations associated with the zero-point energies of the adjacent T = 0 phases can persist to remarkably high temperatures. These fluctuations can dramatically affect the interactions between particles, leading to unusual thermodynamic and transport properties [1] [2] [3] [4] and to novel states of matter [5] [6] [7] .
YbAgGe, a stoichiometric heavy-fermion (HF) antiferromagnet, crystallizes in a hexagonal ZrNiAl-type structure 8 . The zero-field electronic specific heat coefficient falls in the range 0.15-1.0 J/mol K 2 and the Kondo temperature is 20-25 K 9 . The Yb ions form a quasiKagomé lattice in which magnetic coupling, geometric frustration and Kondo interactions compete in a manner which allows the suppression of low temperature AF order by modest applied magnetic fields, fields that tune the quantum critical behavior 10, 11 and lead to a complex magnetic phase diagram 12 .
The phase diagram of YbAgGe, summarizing earlier measurements 13 with H perpendicular to the c-axis, is shown in Fig. 1a The low-T electrical resistivity is large 9 and varies like T n with n ≃ 1 in region d, smoothly increasing from ≃ 1 to ≃ 2 in region e, and ≃ 2 in region f The inset shows an expanded view of the transitions below 6 T at 17 mK.
In our dilation data, first-order phase transitions are identified by their peak-like shape and the presence of thermal or magnetic hysteresis (e.g. features labeled T a and H 1−4 in the data in the inset of Fig. 4 (though the temperature range over which divergent behavior is observed is too limited, at this time, for a definitive quantitative analysis). Γ ab (T ) at 7, 8, and 9 T also show low-T upturns suggesting that Grüneisen divergence may develop at lower temperatures; we cannot, as yet, explain the large magnitudes nor the shapes of Γ ab (T ) above 0.5 K in this field range. It will be necessary to extend these measurements to lower temperatures, higher fields, and at a higher density of field values.
We take the presence of nFL behavior (both earlier 13 and current: the logarithmic temperature dependences of α ab /T and S/T suggested by the data in the inset of In conclusion, dilation and TEP measurements reveal high-H phase boundaries in
YbAgGe that delineate the region of T -linear resistivity. On the low-H side this phase appears to be close to a QCEP near 4.5 T, associated with a first-order, most likely metamagnetic, phase transition. On the high-H side this phase appears to end in the continuous suppression of a second-order transition ending in a QCP near 7.2 T, explaining the pronounced nFL behavior nearby. Even with the identification of this field-stabilized phase, there remains a clear nFL region over which the resistivity varies as T n with n continuously changing from ≃ 1 to ≃ 2 as H increases. Theory suggests a quantum critical phase and/or
